The phylogenetic relationships and divergence times of 39 drosophilid species were studied by using the coding region of the Adh gene. Four genera-Scaptodrosophila, Zaprionus, Drosophila, and Scaptomyza (from Hawaii)-and three Drosophila subgenera-Drosophila, Engiscaptomyza, and Sophophora-were included. After conducting statistical analyses of the nucleotide sequences of the Adh, Adhr (Adh-related gene), and nuclear rRNA genes and a 905bp segment of mitochondrial DNA, we used Scaptodrosophila as the outgroup. The phylogenetic tree obtained showed that the first major division of drosophilid species occurs between subgenus Sophophora (genus Drosophila) and the group including subgenera Drosophila and Engiscaptomyza plus the genera Zaprionus species studied here have two functional Adh genes (Adh-I and Adh-2)) and these duplicated genes can be explained by two duplication events.
Introduction
The Drosophilidae is one of the most diverse and widely distributed dipteran families. This family includes nearly 3,000 species, which are divided into 6 1 genera (Wheeler 1986) . Among these, the genus Drosophila is most speciose and comprises 14 subgenera and more than 1,300 species (Wheeler 1986) . However, the taxonomy of this genus has been controversial. For example, drosophilids in Hawaii were once classified as several non-Drosophila genera ( Antopocerus, Atelo-and the other to Scaptomyza. Later, Grimaldi ( 1990) proposed that the Hawaiian Drosophila species should be raised to a rank of genus called Idiomyia. Furthermore, the genus Drosophila is subdivided into many subgenera, species groups, species subgroups, and species complexes even if we exclude so-called semispecies and subspecies (Wheeler 1986 ). These classifications are also controversial (see, e.g., Pelandakis et al. 199 1; Powell and DeSalle 1995) .
One reason for this confusing status of the Drosophila taxonomy is the lack of knowledge of phylogenetic relationships of the species. Grimaldi ( 1990) constructed a comprehensive phylogenetic tree for many species of Drosophila and its related genera by using a cladistic analysis of morphological characters. However, the evolutionary pattern of morphological characters is usually very complex, so that it is important to reexamine any morphological tree by using DNA sequences of which the evolutionary pattern is much simpler. In fact, Grimaldi' s tree is inconsistent with the trees obtained from molecular data in several aspects. For example, the genus Scaptomyza is placed outside the cluster of Drosophila species according to his tree, but molecular data place this genus within the Drosophila cluster (Beverley and Wilson 1985; DeSalle 1992a; Thomas and Hunt 1993 ) . Of course, this does not mean that molecular data are always better than morphological data. Molecular phylogenies are also known to be subject to various sources of errors (Nei 199 1 ) , and the phylogenetic trees of drosophilids constructed from different parts of DNA are not necessarily consistent with each other.
One problem with the previous studies of drosophilid phylogenies is that the trees obtained were not subjected to rigorous statistical tests (see, e.g., Lattorre et al. 1988; Grimaldi 1990) or that when they were subjected their reliability was rather low (see, e.g., Pelandakis et al. 1991; DeSalle 1992a, 19923; Pelandakis and Solignac 1993; Kwiatowski et al. 1994) . One exception was Thomas and Hunt' s ( 1993) tree based on the alcohol dehydrogenase ( E.C. 1.1.1.1) gene (Adh ) sequences, which showed a high statistical reliability. Unfortunately, they examined only 11 species of which 7 were Hawaiian drosophilids, and it remains unclear how the tree is affected when more species are added.
We have therefore decided to examine the drosophilid phylogeny more thoroughly using 42 Adh gene sequences. There are many species in which Adh sequence data are available, and the extent of sequence divergence seems to be appropriate for studying the Drosophila phylogeny. Other sequence data such as those for mitochondrial DNA and nuclear rRNA seem to be less informative than Adh sequence data except for some special purposes ( see below ) .
The main purpose of this paper is to present the results of this phylogenetic study. We will also present our estimates of the times of divergence between different species or different species clusters based on our new statistical method (N. Takezaki, A. Rzhetsky, and M. Nei, unpublished data) . Since there are several duplicate copies of the Adh gene in drosophilids, we will also examine the pattern and times of gene duplication events.
Material and Methods
The drosophilid species used in this study were determined by the availability of Ad4 gene sequences in the literature, yet they included those belonging to major Drosophila subgenera and some related genera. The total number of species examined was 39, whereas the total number of Adh sequences was 42 because some species had duplicated genes sequenced. In this paper we follow Wheeler' s ( 198 1, 1986) classification of species except for Scaptodrosophila lebanonensis. This species belongs to DrosophiZa in Wheeler' s classification, but we followed Grimaldi' s ( 1990) nomenclature because it is quite different from the other Drosophila species according to recent studies (see, e.g., Grimaldi 1990; DeSalle 1992b).
The names of the taxa used, the sources of gene sequences, and the GenBank accession numbers are presented in the following list. In this paper we are primarily interested in the Adh (Adh-l and Adh-2) genes, but we also used the Adhr (Adh-related or Adh-dup) gene for determining the outgroup species. I.
II.

III.
IV.
Genus Scaptodrosophila. S. lebanonensis * (Marfany and Gonzalez-Duarte 1990; X548 14) (Adhr, Juan et al. 1994; X63716) (1). Genus Zaprionus. Z . tuberculatus* (Maruyama and Hart1 1991; X63955) (2). Genus Scaptomyza. SC. albovittata* (Thomas and Hunt 1993; M80925 ) (Maruyama and Hart1 1991; X63954) (2).
In the above list the numbers in parentheses refer to the geographical distributions of the species-that is, 1, Europe; 2, Africa; 3, Hawaii; 4, cosmopolitan; 5, South America; 6, southern United States through Brazil; 7, Canary Islands; 8, Madeira Island; 9, western North America; 10, Mauritius Island; and 11, Seychelles Islands. The Adh sequences that are marked with an asterisk (* ) were used in the branch-and-bound search for maximum-parsimony trees. A dagger (t) refers to the authors, who have not written any paper about the sequence. Adhr stands for the Adh-related gene (or Adhdup), which is an ancient duplicate copy of the Adh gene ( Schaeffer and Aquadro 1987 ) , whereas Adh-1 and Adh-2 are functional duplicate genes observed in the D. repleta group. All nucleotide sequences of Adh genes were obtained from the GenBank. We used the sequences for the coding region of the Adh and Adhr genes in this study, and they were aligned by using the previous Drosophilid Phylogeny 393 information (Sullivan et al. 1990b ) and by inspection. The Adh consensus alignment was 257 codons long. The D. melanogaster group species had 257 codons, Zaprionus tuberculatus 256, and the remaining species 255.
For the phylogenetic inference, we used the neighbor-joining (NJ) ( Saitou and Nei 1987) ) minimumevolution (ME) (Rzhetsky and Nei 1992) ) and maximum-parsimony (MP) methods. Construction of the NJ trees and their bootstrap tests were conducted by using the computer programs NJBOOT2 (K. Tamura) and MEGA (Kumar et al. 1993) . The estimates of the branch lengths of NJ trees were determined by the leastsquares method. MEGA was also used to compute evolutionary distances and nucleotide frequencies. Estimation of ME trees and statistical tests of ME and NJ trees were conducted by using the METREE program (Rzhetsky and Nei 1992) . In ME and NJ trees the statistical confidence of a particular sequence cluster was evaluated by the confidence probability (CP) that the interior branch associated is positive (CP = 1 -Type 1 error), whereas the bootstrap confidence level (BCL) gives the percentage of bootstrap trees where the same interior branch (sequence partition) as that of the original tree appears (see MEGA manual, . BCL often underestimates the statistical confidence (Zharkikh and Li 1992; Hillis and Bull 1993; Sitnikova et al. 1995) , so BCL tends to be lower than CP. The MP trees were constructed by the PAUP program (Swofford 1993) . A heuristic search was used for the entire data set (stepwise random addition with 50 replicates), whereas the branch-and-bound search (upper bound computed via stepwise with furthest addition) was used for the sequences with asterisks in the list given above.
Results
Phylogenetic Analyses of Adh Gene Sequences
In the present paper we are primarily interested in the phylogenetic tree based on Adh gene sequences without considering Adhr sequences, which are available for a limited number of species. However, Adhr sequences will be used for finding the root of the Adh gene phylogeny. The alignment of the 42 Adh sequences showed 4 18 (of 77 1) variable and 343 parsimony-informative nucleotide sites. The Drosophila melanogaster group had a two-amino acid insertion at the third and fourth amino acid positions, whereas Zaprionus tuberculatus showed one amino acid insertion at the fourth amino acid position. The average transition/ transversion ratio was 1.1 or about twice as high as the random expectation. The lowest and highest ratios were observed between D. subobscura and D. madeirensis (0.33) and between D. mulleri-2 and D. arizonae-2 (3.25) , respectively. The overall frequencies of the nucleotides A, T, C, and G were 0.238,0.224,0.286, and 0.25 1, respectively. Thus, there was not much bias in G+C content. At third codon positions, however, there was an excess of G+C content (overall about 0.70)) and the extent of the excess varied with species as noted by Thomas and Hunt ( 199 1) .
Estimates of Kimura' s ( 1980) two-parameter distances, which were used for constructing NJ and ME trees, are presented in figure 1 for all pairs of 42 drosophilid Adh sequences. For this set of data, the topologies of the NJ and ME trees were the same except for some minor details concerning the branching pattern within the D. repleta group. The NJ tree with leastsquares estimates of branch lengths is presented in figure  2 . In this tree Scaptodrosophila lebanonensis is used as the outgroup for the reason that will be mentioned in the next section. NJ trees were also constructed by using the p distance, Jukes and Cantor' s ( 1969) distance, Tajima and Nei' s ( 1984) distance, and Tamura' s ( 1992) distance (see Kumar et al. 1993) , but the topology remained the same. This apparently occurred because the distance values were relatively small. (Note that the largest pairwise distance in fig. 1 is 0.3 1, so we decided not to use amino acid sequences.) The heuristic search for MP trees generated a consensus tree, which is very similar to the NJ tree. By contrast, the branch-and-bound search with the 17 species, as indicated earlier, produced a tree with the D. obscura group species clustered with D. willistoni rather than with the D. melanogaster group unlike all other topologies. (The reason for this is unclear, but it could be the low G+C content of the D. obscura and D. willistoni groups.) Since this topology was also inconsistent with the tree based on the superoxidase dismutase (Sod) gene ( Kwiatowski et al. 1994)) we disregarded this tree in the following.
According to the tree in figure 2, the first major division of drosophilid species occurs between subgenus Sophophora (genus Drosophila) and the group including subgenera Drosophila and Engiscaptomyza plus genera Zaprionus and Scaptomyza. Subgenus Sophophora is then divided into D. willistoni and the clade of D. obscura and D. melanogaster groups, each of which forms a monophyletic cluster of species. This branching pattern is the same as that obtained by DNA-DNA hybridization experiments (Powell and DeSalle 1995 115 199 192 199 199 199 199 202 199 205 branch between subgenera Drosophila and Sophophora. Therefore, our study supports their general conclusion. Juan et al.' s ( 1994) unrooted tree for 18 Adh sequences is also in agreement with the topology of our tree.
However, our CP values give a high confidence for many of the species clusters. Our study also gives the evolutionary relationships of several newly investigated species groups such as D. immigrans and D. willistoni together with many other species. It is interesting that all the species belonging to most species groups and subgroups form monophyletic clusters, though the number of species examined is not always large.
In our tree the BCL and CP values are generally very high and close to each other. In some of the deep branches, however, BCL is considerably lower than CP, suggesting that BCL gives an underestimate of statistical confidence when a large number of sequences is examined (Sitnikova et al. 1995) . In the case of closely related species such as D. mauritiana, D. simulans, and D. sechellia or some D. mulleri subgroup species, the Adh gene does not contain enough phylogenetic information to resolve the branching pattern (see also Jeffs et al. 1994 ).
Determination of the Outgroup Species
As mentioned above, the phylogenetic tree in figure  2 was constructed on the assumption that Scaptodrosophila is the outgroup. This assumption is consistent with the phylogenetic trees obtained by using a clearcut outgroup such as mosquito (DeSalle 1992b), Leucophenga (Pelandakis and Solignac 1993) , and the medfly (Kwiatowski et al. 1994) . Particularly the loss assumption. (The confidence interval tests conducted by Kwiatowski et al. for the maximum-likelihood tree are not very reliable, because these tests are known to be too liberal; see Tateno et al. 1994 .) Furthermore, the branch lengths for Zaprionus tuberculatus, D. immigrans, and D. willistoni suggested that these species could also be outgroups. We have therefore examined this problem in more detail.
To test our hypothesis, we first examined the phylogenetic tree for the Adh and Adhr genes. Since the duplication of the Adh and Adhr genes is ancient (Schaeffer and Aquadro 1987) ) these genes were expected to give some answer to our problem. The NJ tree obtained is presented in figure 3 together with the CP values for interior branches. This tree shows that Scaptodrosophila is an outgroup for both Adh and Adhr sequences. Unfortunately, however, the CP values for the interior branch that separates Scaptodrosophila from other drosophilids is too low in both cases.
We then reanalyzed DeSalle' s ( 1992a, 19923) sequence data for a segment of mitochondrial DNA ( rRNA and ND 1 region). This data set included not only drosophilid flies but also a mosquito species (Aedes albopictus). The NJ tree obtained is presented in figure  4 . This tree shows that Scaptodrosophila is an outgroup of the other drosophilids with a 96% CP value. A similar analysis of the NJ tree for Pelandakis and Solignac' s ( 199 3 ) data for a nuclear rRNA gene was also conducted. The results obtained ( fig. 5 ) again support our hypothesis with a 96% CP value. These results together with the loss of an intron of the Sod gene in the genus Drosophila strongly suggest that Scaptodrosophila is a true outgroup.
Comparison with Other Phylogenies of Drosophilids
As mentioned earlier, Grimaldi ( 1990) constructed a phylogenetic tree for many different groups of dro- sophilids by using mainly morphological characters. One of the most conspicuous differences between his tree and ours is that the genus Scaptomyza is located outside the genus Drosophila in his tree, whereas it is inside the genus in our tree ( fig. 2) . In our tree, Scaptomyza belongs to a cluster which may be called the Hawaiian drosophilids, and this cluster is highly significant. Actually, all molecular data available support the clustering of Scaptomyza and subgenus Drosophila (Beverley and Wilson 1984; DeSalle 1992a; Pelandakis and Solignac 1993; Thomas and Hunt 1993) . Therefore, this cluster now seems to be firmly established, which is consistent with Throckmorton' s ( 1975) view that all Hawaiian drosophilids originated from a single ancestral species. If this is the case, it would be interesting to study how the morphology (male genitalia: Throckmorton 1962 Throckmorton , 1966 egg ultrastructures: Kambysellis 1993 ) of Scaptomyza diverged so rapidly from that of other Hawaiian drosophilids. However, the clustering of Scaptomyza with Hawaiian drosophilids in figure 2 can also be explained by the hypothesis of separate introduction of the Scaptomyza and Engiscaptomyza group and the other Hawaiian drosophilid group, as suggested by Thomas and Hunt (1991) .
Another conspicuous difference between Grimaldi' s ( 1990) and our trees is that in his tree the genus Zaprionus is located outside the genus Drosophila, whereas in our tree it branches off from the interior branch between Drosophila subgenera Drosophila and Sophophora. Our branching pattern is again supported by the studies of Thomas and Hunt ( 1993) and Kwiatowski et al. ( 1994) , but it is inconsistent with that of DeSalle ( 1992a, 1992b; see also fig. 4 ). Our tree is also somewhat different from that of Pelandakis and Solignac ( 1993) with respect to the phylogenetic location of Zaprionus (5 non-tuberculatus species). According to their tree, Zaprionus is located within subgenus Drosophila and is Drosophilid Phylogeny 397 closely related to D. immigrans and D. repleta groups (see also fig. 5 ). However, statistical support of our branching pattern (CP = 77, BCL = 59) is not very high, so a further study of the phylogenetic location of Zaprionus seems to be necessary (see also Powell and DeSalle 1994) .
Another incongruence between the morphological and molecular trees is the phylogenetic location of the Hawaiian drosophilid D. picticornis. Although morphological characters have placed this species in the D. planitibia subgroup, our tree puts it outside the subgroup. Actually, D. picticornis seems to be somewhat different from other members of the D. planitibia subgroup, since it lays eggs in tree saps rather than in rotten barks as the other members do (M. Kambysellis, personal communication ) . Our grouping is again the same as that of Rowan and Hunt ( 199 1) with Adh gene sequences, and it is statistically supported at a highly significant level. If this conclusion proves to be correct for other genes as well, it seems necessary to modify the classification of Hawaiian picture-winged drosophilids.
Our phylogeny of the D. repZeta species group is also inconsistent with the classification based on morphology to some extent. Thus, D. mettleri, which belongs to the D. muleri subgroup, forms a tight cluster with D. hydei, a species belonging to the D. hydei subgroup.
In our tree D. wiZZistoni belongs to the subgenus Sophophora, as in the case of morphological classification. According to Pelandakis and Solignac' s ( 1993) tree, however, it is closer to genera Scaptodrosophila and Chymomyza than to other Drosophila species, and thus the subgenus Sophophora is polyphyletic rather than monophyletic. Therefore, the Adh and rRNA gene trees are contradictory with each other, though both trees have low statistical support for the D. willistoni branch.
On the basis of morphological characters, the D. melanogaster subgroup is divided into two species complexes. (Lemeunier et al. 1986 ). However, our tree places D. orena outside all other D. melanogaster subgroup members with a high CP value. Late in the preparation of this paper, the Adh sequence from D. erecta became available (Jeffs et al. 1994 ). Although we did not include it in figure 2, it clusters significantly (97% CP, 95% BCL) with D. orena, and this cluster is located outside the D. yakuba-D. teissieri cluster. The same clustering pattern has been reported in other molecular studies (Solignac et al. 1986; Pelandakis and Solignac 1993; Jeffs et al. 1994 ). These results suggest that the D. melanogaster subgroup may not be divided into only two species complexes as previously thought (Lemeunier et al. 1986 ).
Divergence Times
To estimate the approximate times of divergence between species or species groups, we first applied our (N. Takezaki, A. Rzhetsky, and M. Nei, unpublished data) method of testing the heterogeneity of evolutionary rate among different lineages and eliminated the sequences which evolved significantly (at the 1% level) faster or slower compared with the average rate. We then constructed a linearized tree under the assumption of a constant rate of evolution. (Elimination of deviant branches is not essential for the construction of a linearized tree.) For this purpose, we used only third codon positions, because nucleotide substitutions at first and second codon positions were apparently subjected to stronger purifying selection than those at third positions. The evolutionary distances for third positions were on average about three times higher than those for all codon positions. However, the G+C content at third positions varies from species to species. We therefore used Tajima and Nei' s ( 1984) distance measure to estimate the number of nucleotide substitutions. Figure 6 shows the linearized tree obtained. The branch lengths in this tree were estimated by the leastsquares method. (Details of these procedures will be published elsewhere.) Our test of rate heterogeneity eliminated 2. tuberculatus and D. arena. It also showed that the D. pseudoobscura subgroup evolved significantly slower than the average rate. However, we included the sequences for this subgroup, because they are biologically important. Drosophila heteroneura was excluded, because it had the same nucleotide sequence as D. planitibia at third codon positions. The tree in figure 6 has three multifurcating nodes, one each for the D. mulleri subgroup, the D. planitibia subgroup, and the D. obscura group. These multifurcating nodes were produced because of the constraint due to the assumption of rate constancy (molecular clock). However, the tree in figure  2 shows that the branching pattern of the species involved in a multifurcating node is not statistically resolved even when the data for all three codon positions are used.
To estimate the times of divergence between species, we have to know the rate of nucleotide substitution. In the case of drosophilids, this rate can be estimated by using information on the times of island formation in Hawaii. Rowan and Hunt ( 199 1) have argued that the most useful geological dating is that for the formation of Kauai, the oldest island in the Hawaiian Archipelago (5.1 Mya). Interestingly, 98% of the Hawaiian drosophilids are endemic to single islands (Hardy 1974 in Maui ( 1.3 Mya), and D. heteroneura and D. silvestris in the island of Hawaii (0.5 Mya) (McDougall 1979; Carson and Yoon 1982) . In this paper, therefore, we assumed that the node ( 1) in figure 6 corresponds to 5.1 Mya. (Drosophila n igra and D. mimica are supposed to have diverged from the D. planitibia subgroup before the formation of Kauai; Beverley and Wilson 1984.) This assumption gives an estimate of the rate of nucleotide substitution per site per year per lineage equal to 1.0 X 1 O-* . This rate is slightly lower than the estimates of the rate of synonymous substitution (about 1.5 X lo-' ) by Moriyama (1987) , Moriyama andGojobori (1992) , and Rowan and Hunt ( 199 1 ), but this is reasonable because the nucleotide substitution at third codon positions is subjected to purifying selection to some extent. In this paper we did not use synonymous substitutions because it was not so easy to construct a linearized tree with this distance measure. (We need information on the variances and covariances of all pairwise distances). The time scale given in figure 6 was obtained by using the rate of 1.0 X 10m8. Table 1 shows the estimates of divergence times for 18 pairs of sequences or sequence clusters. This table shows that the split of subgenera Drosophila and Sophophora occurred about 40 Mya. This estimate is considerably lower than the one (60 Mya) obtained from immunological distance data (Beverley and Wilson 1984) but is close to the estimates obtained from DNA sequence data (Thomas and Hunt 1993; Kwiatowski et al. 1994) . The split between D. willistoni and the D. obscura-D. melanogaster cluster also seems to have occurred a long time ago (36 Mya). Similarly, D. immigrans apparently diverged from the D. repleta group and Hawaiian drosophilids about 33 Mya. Our estimate of the splitting of Hawaiian drosophilids from continental drosophilids is about 32 Mya. Grimaldi ( 1987) described about seven drosophilid fossil species from the early Miocene (about 23 Mya). Three of these species belong to the genus Drosophila and one to the genus Scaptomyza (from the Dominican Republic). If Scaptomyza originated in the Hawaiian Islands and then spread through the rest of the world (Throckmorton 1975) ) the minimum estimate of the time of the split between Hawaiian and continental drosophilids would be 23 Mya. Therefore, our estimate is not inconsistent with these fossil records (see also DeSalle 1992a). However, if Scaptomyza was introduced into Hawaii independently of the other Hawaiian drosophilids, then it is difficult to assess the time of the introduction of these Scaptomyza species.
Among the Hawaiian drosophilids, D. crasszjemur and S. albovittata diverged from the rest of the Hawaiian species about 26 Mya, and then the two species diverged from each other about 11 Mya. These estimates are in good agreement with those of Thomas and Hunt ( 1993 ) and suggest that the morphology of Scaptomyza evolved very rapidly. There are Scaptomyza species which are endemic to other parts of the world, and these species may have originated in Hawaii, as mentioned above. If this is the case, the migration of the species out of Hawaii seems to have occurred during the last 11 million yr. This contradicts with the time estimate of the Scaptomyza fossil found in the Dominican Republic, about 23 million yr old. This apparent contradiction can be resolved, if Engiscaptomyza actually belongs to the taxon Scaptomyza or if the fossil specimen is actually an ancestral form of Scaptomyza and Engiscaptomyza. It is also possible that our molecular dating is incorrect. Some answers to these questions may be obtained if sequence data become available for other non-Hawaiian Scaptomyza species. How the Scaptomyza species migrated out of Hawaii (if they did) remains a mystery at present. (About half of this cosmopolitan genus of some 330 species occurs in Hawaii; DeSalle and Grimaldi 1993.) As mentioned earlier, Hawaiian species of Scaptomyza can be descendants of the second migration of drosophilids into Hawaii. Our estimates of the times of divergence for other Hawaiian drosophilid species are similar to those of Thomas and Hunt ( 1993) ) though they used the rate of synonymous substitution rather than that of third codon substitution.
Our estimate ( 13 Mya) of the splitting time between the D. obscura and D. pseudoobscura subgroups is much older than the estimate (6 Mya) obtained by restrictionsite analysis (Lattorre et al. 1988) . It should be noted that the standard error relative to the estimate of a divergence time increases as the estimate decreases (see table 1 ) and thus the estimates of recent divergence times are less reliable than those of older divergence times. Yet, our estimate (2.3 Mya) of the divergence time between D. melanogaster and D. simulans is very close to that (2-5 Mya) of Bodmer and Ashburner ( 1984) and Stephens and Nei ( 1985 ) .
Gene Duplications
Many Drosophila repleta group species are known to have duplicate functional Adh genes (Adh-1 and Adh-2) as well as a pseudogene (VAdh), and these genes are arranged in the order of VAdh, Adh-2, and Adh-1 from the 5 ' side of the DNA (see fig. 7 ) . Figure 6 suggests that the duplication of the Adh-1 and Adh-2 genes in the D. mulleri subgroup, excluding D. mettleri, occurred 6-l 1 Mya. By contrast, the gene duplication in D. hydei seems to have occurred only about 4 Mya. Therefore, these results suggest that at least two independent gene duplications occurred in the D. repleta group. This view is supported by the fact that D. mettleri does not have two functional genes (Yum et al. 199 1) . Furthermore, the Adh-2 gene in D. hydei is expressed from the embryonic The question mark (?) indicates that the A&r gene has not been identified in these species, either because it has not been found yet or because it has been lost. HD, Hawaiian drosophilids; SC, species complex.
stage, while the A&z-2 gene in D. mulleri is first expressed the gene conversion hypothesis may not apply to the in the late third instar larval stage (Sullivan et al. 1990a) . Adh genes in the D. repleta group. However, there is another possible explanation. That is, gene duplication occurred only once before the radiation of the D. repleta group species, but the duplicate genes have undergone occasional gene conversion as in the case of the globin.genes in mammals (Zimmer et al. 1980; Hardison 1984) . If gene conversion occurs between two duplicate genes occasionally, the sequence similarity between the two genes from the same species is expected to be higher than that between those from different species (Sullivan et al. 1990b) . Under this hypothesis, the presence of one functional Ad/z gene in D. mettleri can be explained by assuming that one of the two copies has been lost. ) studied the possible occurrence of gene conversion but concluded that there was no compelling evidence for it. Therefore, As mentioned earlier, duplication of the Adh and Adhr genes occurred before drosophilids evolved, and it is interesting to know the time of this duplication event. For this purpose, however, we cannot use all codon positions, because nucleotide substitutions between the two genes are saturated at third codon positions. We therefore computed Kimura' s two-parameter distances for the first and second codon positions for all pairs of species in figure 3. Using these distance values, we constructed a linearized tree similar to that of figure 6 (data not shown). We then estimated the divergence time between the Adh and Adhr genes assuming that Drosophila subgenera Drosophila and Sophophora diverged 39 Mya. The estimate obtained was 180 Mya.
This suggests that the Adh-Adhr gene duplication occurred during the Jurassic period (before 135 Mya), from which no Cyclorrapha (higher dipteran suborder) fossils have been found (Beverley and Wilson 1984, 1985) . Since the cyclorraphan radiation is believed to have occurred about 100 Mya (Wiegmann et al. 1993) , the gene duplication apparently preceded the evolution of the higher dipteran suborder Cyclorrapha.
Discussion
We have produced a phylogenetic tree for drosophilids that is more reliable statistically than previous trees. This tree does not necessarily agree with Grimaldi' s ( 1990) tree based on morphological characters. The most conspicuous difference occurred in the phylogenetic location of Scaptomyza, as mentioned earlier. However, since our study is based on Hawaiian Scaptomyza, it remains to be seen whether the same problem arises with continental Scaptomyza.
It should be noted that the present study is based on data of a single gene (A&z) and that the tree may have been distorted by some peculiarities of the gene which we have not detected. It is therefore desirable to examine the phylogeny by using some other genes as well. At present, there are several sets of DNA sequence data that can be used for constructing a drosophilid phylogeny. Unfortunately, different investigations have used different groups of species when they studied different genes. Therefore, it is difficult to combine these data to produce a more reliable tree.
Our tree is not only statistically well supported but also largely consistent with the geographical distributions of the species, if we exclude cosmopolitan species such as D. hydei, D. immigrans, D. melanogaster, and D. simulans (Parsons and Stanley 198 1) . The most conspicuous of this consistency is Hawaiian drosophilids that form a monophyletic clade, as we have already discussed. The drosophilids that belong to the D. repleta group are endemic to North and South Americas (see Material and Methods). According to Throckmorton ( 1982) , this group of species was derived from a lineage in Asia (at latest) about 30 Mya. Since Hawaiian drosophilids are also believed to have originated in eastern Asia, our tree is in accord to Throckmorton' s ( 1975 ) conjecture of the evolution of drosophilids. It would be interesting to study how the drosophilids in eastern Asia (e.g., D. histrio, D. confusa) are related to the Hawaiian drosophilids and the D. repleta group.
Since D. melanogaster and D. simulans are believed to be recent migrants from Africa (Lemeunier et al. 1986 )) all species of the D. melanogaster subgroup apparently originated in Africa. This group of species also form a tight cluster in our tree. It has been suggested that the D. melanogaster subgroup originated about 17-20 Mya (Jeffs et al. 1994) ) when the fauna1 interchange between Africa and Eurasia was first possible. However, our study suggests that this event took place somewhat later (i.e., about 6-13 Mya).
By contrast, the D. obscura group species are geographically subdivided. The D. pseudoobscura subgroup species, which are endemic to western North America, do not cluster with the D. repleta group, another North American species group. Instead, they are closer to the D. obscura subgroup (from Europe). This supports Lakovaara and Saura' s ( 1982) hypothesis that the D. pseudoobscura subgroup was introduced from Europe through Asia relatively recently. Our linearized tree in figure 6 suggests that this introduction occurred about 13 Mya (late Miocene).
Drosophilids have been an important group of species for studying the mechanisms of evolution (see, e.g., Carson and Kaneshiro 1976 ). Yet, the phylogenetic relationships of these species are not well established. To take advantage of this extremely diversified group of species for the study of evolution, it is very important to clarify the phylogenetic relationships. It will not only contribute to the development of a more reasonable drosophilid taxonomy but also to the understanding of the mechanism of the evolution of important morphological and physiological characters.
